Abstract-A packaging solution for the integration of an MMIC and a thin film antenna into a single surface-mountable package is presented. It is based on an air cavity in the package base into which the MMIC is placed. All package-to-MMIC interconnects are routed through the antenna substrate and all connections are realized using flip chip technology. Thus wire bonds are eliminated within the whole package. A broadband flip chip interconnect is used to connect MMIC and antenna. As the antenna is situated above an air cavity, a large bandwidth is also achieved for the antenna. An antenna-in-package prototype is presented to demonstrate the feasibility of the assembly process and to test the antenna performance including the flip chip interconnect. The influence of an additional package cover is analyzed by measuring the antenna covered with two different lids.
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I. INTRODUCTION
T HE speed and also the level of integration of monolithic microwave integrated circuits (MMICs) have increased drastically in the last years. Today's circuits are able to operate at frequencies up to the sub-millimeter-wave range (300 GHz) and combine highly sophisticated systems within one single chip (system on chip-SoC) [1] - [3] . The short wavelength of a few millimeters additionally allows the design of strip, patch or slot antennas of a similar size to the chip itself. The integration of such an antenna into the chip package leads to a cost-effective production, most appropriate for consumer applications. This results in a fully integrated, surface-mountable radio or Radar, which inputs are only DC and baseband signals. This allows the use of cheaper packaging materials such as plastic packages. The module can be further integrated in a system on standard FR4 printed circuits boards, even without RF design expertise.
A big wave of publications in this context was caused by the licensing of a broad frequency band for high-data short-range communications at around 60 GHz. A concept for a fully-integrated land-grid-array (LGA) package was presented in 2006 [4] - [8] . A silicon chip is placed beside a metal frame with a cavity. A dipole antenna on a quartz substrate is placed on top of the cavity. The antenna is connected to the silicon chip by flip chip technology. The DC-and baseband signals are transmitted from the silicon chip to the package using conventional bond wires. The concept allowed the demonstration of a fully integrated package for the first time. However, it is not cost effective and is complicated to assemble. Afterwards, several packaging topologies based on organic or ceramic multi-layer circuits were proposed. A phased-array system is realized with aperture coupled patch antennas in a ball-grid-array (BGA) package [9] , [10] . Another BGA package that either integrates a slot antenna [11] , a dipole antenna [12] or a grid array antenna [13] , is realized using low-temperature-cofired-ceramic (LTCC) technology. A BGA package based on organic multi-layer technology is used to integrate two substrate-integrated-waveguide antennas [14] . Within a standard BGA package, bond-wires are used as an antenna [15] . In that case, the wires and a metal bar on the interposer form a loop antenna. Recently, an embedded wafer level BGA package that is suitable for millimeter-wave applications was developed [16] . The developed package is used to house 77 GHz MMICs [17] and also different antennas [18] , [19] . The dipole and loop antennas use a metallized area on the printed circuit board as a reflecting ground plane that causes the desired radiation direction upwards through the mold material. A different approach is to use on-chip antennas that electromagnetically couple the millimeter-wave signal to additional package-integrated radiators [2] , [20] , [21] . In that case the main effort lies in an accurate positioning of the die and the off-chip radiator [20] . Since 2010, the authors have been working on a packaging solution for a 122-GHz single-chip radar. The developed chips have a size of around and more than 50 I/O pads in a pitch of (similar to [2] ). They have a singleended RF interface with Ground-Signal-Ground pads. The aim is to realize a surface-mountable radar sensor with integrated antennas. Although the ceramic and organic multi-layer technologies offer a vast range of possibilities for the package and antenna design, the fabrication accuracy of narrow conductors and spacings poses a challenge regarding the realization of millimeter-wave circuits, as typical line/space values for a reliable production are still in the range of . This may be good enough for antenna designs [22] , [23] , but it is problematic due to other reasons. Flip chipping the MMIC mentioned above is not possible due to the closely spaced pads. The other alternative-using wire bonds-affects mainly the performance of the chip-to-antenna interconnect. We demonstrated such an interconnect in [24] , [25] , but the necessary matching circuits require a tight line/space of , which is only available in thin film technology. Instead of multilayer technologies, we use standard 0018-926X/$31.00 © 2012 IEEE packages that integrate the MMIC and a single layer thin film antenna. The high precision and narrow line/space widths of the thin film process allow both matched wire bond and flip chip interconnects [24] . While using wire bond technology leads to a smaller transmission bandwidth of the chip-to-antenna interconnect, a simple assembly process is achieved [26] . If a more broadband flip chip interconnect is used, a solution for the thermal dissipation from the MMIC has to be found. In this paper, a novel packaging concept is proposed. It has a high performance flip chip interconnect, a good thermal contact from the MMIC to the outside of the package, and an antenna radiation out of the top of the package with a unidirectional beam suited for Radar applications. The package concept is an advanced version of [4] as a higher mechanical stability and a simplified assembly process are achieved.
II. PACKAGING CONCEPT AND ASSEMBLY PROCESS
The packaging solution is depicted in Fig. 1 . It is motivated by [4] , [5] , as the millimeter-wave interconnect is realized using flip chip and the antenna is mounted upside down to form a superstrate antenna above an air cavity. The package base has a cavity in its center into which the MMIC is placed. This cavity can be realized using the half-etching manufacturing process of QFN packages, as proposed by the authors in [27] . A LowTemperature-Cofired-Ceramic (LTCC) package is used instead for the present work. The MMIC is placed in the cavity and a thermal conductive epoxy is used in between the MMIC and the package base to transfer the heat from the chip to the outside of the package. The thermal conductive adhesive can at the same time equalize a certain tolerance of the cavity depth. The antenna substrate is placed above the MMIC and connected to the MMIC using flip chip technology. Thus a high performance and broadband millimeter-wave interconnect is realized. The antenna itself is situated above an air cavity and uses the center die pad as a reflector. Hence the desired radiation direction through the top of the package is achieved. In contrast to [4] , the antenna substrate is also used for redistributing all signals from the package leads to the MMIC. Thus bond wires can be eliminated within the entire package and a higher mechanical stability and a simplified assembly process are achieved. An anisotropic conductive film (ACF) is used in between the antenna substrate and the package to conduct all signals and to fix the antenna substrate. A cap is then used to close the package.
Generally, the assembly process is realized in the following order: • The antenna substrate is placed onto the substrate holder of the flip chip bonder ( Fig. 2(a) ).
• The MMIC is flip chipped onto the antenna substrate using a thermosonic process ( Fig. 2(b) ).
• Thermal conductive adhesive is dispensed onto the back of the MMIC (Fig. 2(c) ).
• The ACF is laminated onto the bond pads of the LTCC package.
• The LTCC package is flip chipped onto the antenna substrate using thermocompression ( Fig. 2(d) ).
• The applied heat cures the thermal epoxy at the same time.
• The entire package is turned around and the cap is attached to it.
III. ANTENNA-IN-PACKAGE PROTOTYPE

A. Parts of the Prototype
To demonstrate the feasibility of the assembly process and to test the antenna performance, a prototype was fabricated, that consists of three parts:
• An LTCC package with cavity, thermal vias, signal vias, bond pads and solder pads; • An MMIC dummy with a transmission line and bond pads;
• A polyimide substrate with a 122 GHz antenna and redistribution lines. The LTCC package was fabricated by Hirai Precision LTCC, Japan, using their tape material CS71. A layer thickness precision of 2% was guaranteed to achieve the desired accuracy of the cavity depth. Gold paste is used for all vias and pads, as well as for the center pad. The package has a size of . The base is 0.4 mm thick and the cavity is 0.3 mm deep. The cavity has a size of . 48 bond pads are placed on the top surface of the walls. These bond pads are connected to signal vias that link them to solder pads on the bottom. The center die pad is connected to the bottom using thermal vias. A picture of the package base is shown in Fig. 3 . Although LTCC was used for this prototype, the package base can also be fabricated using a standard lead-frame based half-etch technology [28] , [29] or organic multilayer packages [30] , [31] to be even more cost effective. The ACF that was laminated onto the bond pads of the package is 3M™ ACF 7371.
MMIC dummies were fabricated to allow the measuring of the antenna including the flip chip interconnect and to allow mechanical tests without using expensive semiconductor chips. The MMIC dummies have the dimensions 2 mm x 2 mm and are 0.254 mm thick. Alumina is used as it has a high permittivity (9.9), similar to Silicon (11.8) and Gallium Arsenide (12.9). Thus the influence of the MMIC on the antenna radiation can be tested. The Alumina substrate was processed in thin film technology by Hightech MC AG, Switzerland to realize the bond pads, a coplanar waveguide (CPW) transmission line, and calibration structures. A gold wire was used for placing gold stud bumps onto the bond pads, as well as on one end of the CPW line. The stud bumps have a diameter of around and are high. A picture of the MMIC dummy is shown in Fig. 4 .
Hightec's HiCoFlex process is used to manufacture the antenna substrate. Using this technology ultra thin and flexible circuits can be realized using a high precision thin film technology [32] . The used polyimide material Dupont PI-2611 has very low losses and a constant permittivity of 3.1 up to at least 110 GHz [33] . A metallization system of NiCr, Cu, Ni, Au is sputtered onto the polyimide and afterwards etched using photolithography. The overall thickness of the metallization system is . A picture of the antenna substrate is shown in Fig. 5 . Besides the 122-GHz antenna and a matching for the flip chip interconnect, redistribution lines are realized on the polyimide substrate. These connect the bond pads of the chip to the bond pads of the package. So no bond wires are required at all.
B. Details of the Antenna Design 1) Antenna Type:
Since a single-layer process is used for the antenna substrate, a CPW feed for the antenna is the best option as microstrip feed lines would need an additional substrate layer for the ground plane and also a transition between the coplanar interconnect and the microstrip line. As the package also consists of a metallic die pad that is usable as an antenna reflector it is also not necessary to have a microstrip antenna to achieve unidirectional radiation. Many of the coplanar waveguide antenna designs that are found in literature are slot antennas [34] - [36] . A major problem with this type of antennas arises with the introduction of a reflecting ground plane. As the antenna itself already is realized within a conducting ground plane two metallic planes are thus present, leading to an unwanted excitation of a parallel plate mode [35] that reduces the radiation efficiency [36] . In contrast to these antennas strip antennas such as simple dipoles are favoured as a better performance for the antenna/reflector configuration can be achieved. A dipole is a symmetric antenna and therefore needs a symmetric feed. If fed by a coplanar waveguide a balun [37] is needed. A simple way to eliminate the need of a balun comes with the use of a double dipole array. In that case, the CPW line is separated into two coplanar striplines (CPS), that feed two dipoles directly [5] . This also improves the antenna performance as the radiation parallel to the substrate is minimized if the two dipoles are arranged in the correct distance to each other. A beamforming that enhances the radiation into the desired direction is therefore achieved in comparison to a single dipole antenna. Folded dipoles are used as the characteristic impedance of a printed dipole usually is below . CPS feed lines however can only be realized with a line impedance above . Folded dipoles lead to higher antenna impedances and additionally to several ways that allow tuning the antenna impedance [38] . Additional parasitic patch elements to reduce unwanted surface waves were used in the older designs with Alumina as the antenna substrate [27] . This is not necessary now, as a low permittivity, and very thin antenna substrate is used. The antenna's geometric dimensions are given in Fig. 6 . The two dipoles are arranged in a distance of half a free-space wavelength to achieve the best radiation performance. The dipole length is 0.96 mm. When the antenna is assembled to the package, the reflecting die pad has a distance of 0.32 mm to the antenna.
2) Flip Chip Interconnect and Impedance Matching:
The two folded dipoles have a characteristic impedance of . The CPS line impedance is also and thus the input impedance of the antenna at the CPW line is . This impedance has to be matched to the output impedance of the MMIC . Additionally, any mismatch caused by the flip chip interconnect has to be compensated. The flip chip interconnect can be described as a transmission line, formed by the three metallic bumps [24] , [39] . Here, three bumps with a diameter of are placed in a pitch of . This leads to a line impedance of . The flip chip transmission line has a length of (height of the bumps). Besides the impedance transformation of this transmission line, other effects have to be considered for a flip chip interconnect [40] , [41] . The metallic contact pads of the upper and lower chip lead to a capacitive load. Additionally, the permittivity of the upper substrate leads to a dielectric detuning of the transmission line on the lower substrate, and vice versa. These phenomena make it necessary to either accurately model the interconnect [39] , or to perform electromagnetic field simulations [41] . For the antenna shown in Fig. 6 , a complex impedance of results due the flip chip interconnect. This value has to be transformed to for perfect matching. We use a single CPW transmission line to transform
to . An important factor is that the first of this transmission line are above the MMIC dummy and therefore affected by dielectric detuning. The best result is achieved using a length of 0.53 mm and a line impedance of . Within the first of the transmission line, the line impedance is slightly lower .
3) Cavity Depth and Substrate Material:
An important criterion for the proposed packaging concept is the influence of the cavity depth on the antenna performance. The cavity has to accommodate the MMIC, the flip chip bumps and the thermal epoxy. We developed the package for an MMIC with a thickness of . This results in a cavity depth in the range of to , depending on the thickness of the thermal epoxy and the flip chip bumps. Thus the antenna should show its best performance (high gain, no sidelobes, high bandwidth) within the same range. Additionally, the antenna performance should not suffer too much from a certain depth tolerance. We used Alumina with a thickness of as antenna substrate in our previous works [27] , [42] , [43] . Although this is the minimum thickness, it is impossible to design a simple dipole antenna with good performance as the antenna strongly suffers from surface waves. Thus a special design with parasitic patches is necessary to achieve a satisfactory performance. However, these designs have an additional drawback. The optimal cavity depth is in the range of to . Hence, a more complicated package would be necessary to house an MMIC and these antennas. In addition, the resonance frequency is very sensitive to the cavity depth. A tolerance of already causes a frequency shift of around 4 GHz. Using Silicon Dioxide [5] instead of Alumina does not solve this problem as the minimum thickness is in that case. Besides, our experience with these thin ceramic and glass substrates shows that they are very brittle. Hence they are not suited to be used as the package lid, as we intended originally [27] . Using a flexible material (Polyimide, LCP) instead, allows using even thinner substrates. Additionally, these materials have a lower permittivity. Thus the effective permittivity for the antenna is strongly reduced and the excitation of surface waves is minimized. Besides, by using these materials, a double dipole antenna above a reflecting ground plane actually has its best performance in the targeted range of to . Fig. 7 shows the reflection coefficient of the double dipole antenna without flip chip interconnect on a thick polyimide for different distances to the reflecting ground plane. The reflection coefficient is normalized to . It can be observed that the sensitivity of the resonance frequency is strongly reduced compared to our previous designs. A tolerance of only causes a frequency shift of around 3 GHz. Thus the reflection coefficient in the targeted frequency range of 122 GHz to 123 GHz is below within a depth range of to . Fig. 8 shows the corresponding radiation patterns which are nearly constant. A remaining disadvantage of a flexible antenna substrate is the possibility of a vibration. According to Fig. 7 , a vibration would cause a slight amplitude modulation of the RF signal, which might degrade the radar accuracy, depending on the used modulation scheme.
4) Antenna Efficiency:
In simulations, we use a permittivity of 3.1 and a loss tangent of 0.006 for the polyimide material, and a 3 thick metallization with a conductivity of . This results in an antenna efficiency of 85% for the antenna only, and 80% for the antenna including the flip chip interconnect. Polyimide is known for its absorption of water and thus an increased loss tangent when used in a humid environment. To study the influence on the antenna efficiency, we varied the loss tangent up to a very high value of 0.1. In that case the antenna efficiency is reduced to 55%. This would degrade the range capabilities of the radar sensor in a humid environment. Depending on the application, a different substrate material such as LCP or a hermetic sealing with a cap would be necessary.
5) Influence of the Redistribution Lines:
As the DC and signal redistribution lines are positioned on the same layer as the antenna itself, they might affect the antenna performance. Simulations show that as long as a safety margin is kept, the influence is negligible. The reflection coefficient remains below within the targeted frequency range as long as the distance between the antenna and the lines is at least 0.4 mm. Concerning the radiation patterns, a slight gain degradation can be observed if the lines become too close. The gain is reduced by 0.5 dB and 1.0 dB when the distance is 0.5 mm and 0.2 mm, respectively. For the presented prototype, an area of around the antenna is left free of metallic lines. Thus the distance between the antenna edges and the first line is 0.77 mm.
C. Measurements of the AiP Prototype
A picture of the assembled prototype is shown in Fig. 9 . This prototype was realized using a Finetech Fineplacer Pico in the lab at KIT. As the polyimide substrate is transparent, it is possible to optically inspect all flip chip connections, as well as the alignment of the chip and the package to the polyimide substrate. The cut-out in the polyimide substrate is situated above the other end of the CPW line on the MMIC dummy and thus it is possible to measure the antenna performance including the flip chip interconnect using a probe.
The antenna-in-package prototype was measured with a probe based antenna measurement setup at KIT [42] , [44] . The setup allows calibrated measurements of the antenna impedance, as well as its radiation patterns and gain. The implemented gain calculation uses three calibration steps [44] . The antenna's measured and simulated reflection coefficients are shown in Fig. 10 . An excellent agreement between simulation and measurements is achieved. The reflection coefficient is below in a frequency range from 118 GHz to 136 GHz. Thus a relative bandwidth of 14% is achieved for the antenna including the flip chip interconnect. Compared to Fig. 7 , the bandwidth is slightly increased by adding the flip chip interconnect and the MMIC dummy. This is caused by two phenomena. Firstly, the incident wave is reflected twice (at the interconnect and at the antenna). Thus the superposition of these reflections influences the reflection coefficient. Secondly, adding the MMIC dummy increases the overall transmission line length and thus the signal attenuation. This slightly reduces the complete reflection coefficient. Fig. 11 depicts the measured and simulated radiation patterns and gain. Comparing the simulation results to Fig. 8 , it can be observed that the presence of the high-permittivity MMIC dummy does not degrade the radiation patterns. Due to the architecture of the measurement setup, the E-plane radiation pattern cannot be measured in the angular range from to . The E-plane radiation pattern is also influenced by reflections at the metallic waveguide probe [42] . These are slightly reduced by covering parts of the waveguide with an absorber. This however leads to a shadowing of the E-plane radiation pattern in the range below . The measured H-plane radiation pattern shows an excellent agreement to the simulations, despite a slight unbalance. The measured gain is 9.7 dBi, while it is 10.4 dBi in simulations. The difference is caused by the 2 mm long transmission line on the chip dummy. The transmission line loss is 0.4 dB in simulations, but 1.0 dB in measurements Fig. 10 . Measured vs. simulated reflection coefficient of the antenna-inpackage prototype. Fig. 11 . Measured vs. simulated 122.5 GHz radiation patterns of the antenna-in-package prototype (a) E-plane (b) H-plane. [24] . There is no possibility to directly measure the antenna efficiency. Hence, a comparison of measured and simulated gain is the only experimental support to check the antenna efficiency. As the measured and simulated gain show reasonable accordance, we conclude that the simulated antenna efficiency of 80% (including the flip chip interconnect) is a realistic value.
IV. INFLUENCE OF THE PACKAGE COVER
Since the antenna substrate is flexible, the entire package needs an additional cover to protect the circuits and to allow the use of standard pick-and-place tools to mount the package. As we have been described in [26] , this cover influences the antenna performance as parts of the radiated energy are reflected back to the antenna. A favoured option is using a lid that is half a wavelength thick, as this leads to a cancellation of the reflected waves. Therefore we fabricated a cap by milling out of the thermoplastic polyetherimide (PEI). Its dielectric properties are very constant over frequency with a permittivity of 3.02 at 114 GHz [45] . The cap has a total thickness of 1.6 mm, while the cover itself is 0.7 mm thick. This leads to a total package thickness of 2.3 mm. Although this is above the typical thickness of standard surface-mountable packages, it is not critical for our targeted application [46] . The package-integrated antenna can even be combined with additional dielectric lenses, depending on the desired range performance. A comparison of the measured reflection coefficients and radiation patterns are shown in Figs. 12 and 13 , respectively. It can be observed that the half-wave lid has a minor influence on both the reflection coefficient and the radiation patterns.
Another option is to use the cap as a superstrate to enhance the antenna gain [47] , [48] . In this configuration, a quarter wavelength thick dielectric sheet is used in a distance of half a free space wavelength to the reflecting ground plane. In that case, a constructive interference is achieved through the standing wave. According to [49] , the achievable gain enhancement is proportional to the superstrate permittivity. Simulations and measurements have been done to test if this configuration is suitable for the presented package-integrated antenna. The simulations show that the concept works fine if only the antenna, the reflector and the superstrate are considered. In that case, a gain enhancement up to 16 dBi is achievable. When MMIC and package are added to the simulation, the radiation performance is affected. The radiation pattern starts to tilt and the gain enhancement is reduced. Fig. 14 shows simulated radiation patterns for three different distances between the reflecting ground plane and the superstrate. The superstrate material is Alumina with a permittivity of 9.9. The thickness is , as this is the closest value to a quarter wavelength that is available. Compared to Fig. 11 , it can be observed that the beamwidth in H-plane is reduced. The gain is enhanced to 13 dBi, although the main lobe is not broadside. To experimentally demonstrate this effect, the Alumina lid was placed onto the package using a 1.05 mm thick Rohacell foam block as spacer. This solution was only used to demonstrate the gain enhancement possibility. In the real mass production, a cap would have to be manufactured out of a suitable high permittivity material. Fig. 14 also shows the measurement result. The measured gain is 13.5 dBi. The measured and simulated E-plane radiation patterns show a discrepancy. It is unclear if this is caused by the vicinity to the waveguide probe, by the manual placement of the superstrate onto the foam material, or by the foam material itself. An important side effect of using a superstrate to enhance the antenna gain, is its impact onto the antenna impedance. The reflected waves at the air-dielectric boundaries are not cancelled out. Thus the ratio of electric and magnetic field at the antenna is altered. This leads to a strong influence on the antenna impedance and thus to a degradation of the antenna's reflection coefficient. Fig. 15 shows the corresponding reflection coefficients. These deviate from the reflection coefficient of the antenna without a lid (Fig. 10) . It can also be observed that the reflection coefficient varies when the distance between the reflecting ground plane and the superstrate is altered. The antenna can be re-optimized to achieve a good matching at the desired frequency, but this would lead to a reduced impedance bandwidth. A picture of the integrated package with the PEI cap on top and the alternative Alumina lid is shown in Fig. 16 .
V. CONCLUSION
A packaging solution for highly integrated millimeter-wave transceivers is presented that is based on flip chip technology and on a cavity in the package base into which the MMIC is placed. The concept eliminates bond wires as all package-to-chip interconnects are routed through the antenna substrate. Compared to similar earlier concepts, this also greatly enhances the mechanical stability and simplifies the assembly process. A thermal conductive epoxy is used in between the MMIC and the package base to transfer the heat from the chip. The thermal conductive adhesive can also equalize a certain tolerance of the cavity depth. An antenna-in-package prototype was fabricated and measured to demonstrate the feasibility of the assembly process and the excellent antenna performance. The used double dipole antenna on the polyimide substrate has an impedance bandwidth of 14% including the flip chip interconnect. A single, unidirectional beam without sidelobes is achieved that is perfectly suited for Radar applications. A gain of 10 dBi and an antenna efficiency of 80% for the antenna with the flip chip interconnect is achieved. The antenna performance is not affected by the package-to-chip redistribution lines, nor by the presence of the high-permittivity MMIC dummy. The influence of two different lids onto the antenna performance was analysed and measured. The half-wave lid conserves the broad impedance bandwidth and does not degrade the radiation patterns. The thinner Alumina lid leads to a gain enhancement of 3 dB, but strongly degrades the reflection coefficient.
